Malus sylvestris is the only apple species native to Central Europe. Its genetic integrity may be threatened by hybridization with the cultivated apple (Malus ϫ domestica). A total of 883 genotypes, 477 putative wild apples in Germany and Luxembourg and 406 old to modern cultivars has been investigated. Wild apples growing in Germany originated from Rhineland-Palatinate, North Rhine-Westphalia, Saxony-Anhalt and Saxony. The genetic structure was analysed at ten isozyme marker loci, and morphology was studied by fruit size, leaf pubescence, and a complex morphological description performed in advance. A model-based cluster analysis applied to all nuclear data resulted in two clearly differentiated gene pools for putative wild and cultivated apples with moderate proportions of admixture in the wild group on average (0.138 total, 0.111 German sample). At the individual level, the percentages of both hybrids and feral cultivars together ranged from 2.3% in Rhineland-Palatinate to 28.8 % in Luxembourg. The intraspecific variability in fruit diameter ranged from 21 to 40 mm, and that in leaf pubescence in autumn ranged from score 0 to score 1. No single morphological trait of a specimen appeared to be sufficient for identification. Even the correspondence between the complex morphological and complex genetic determinations for individuals did not exceed 93 % in pure wilds and 64 % in hybrids. Genetic variation in pure wild apple is high (species level: P = 90 %, A/L = 3.1, He = 0.369). Allelic differentiation ␦ was 0.089, pairwise genetic distance (d 0 ) ranged from 0.065 to 0.148 among five samples. Correspondence between genetic and geographic distance of populations was observed to a certain extent.
Introduction
Malus sylvestris (L.) MILL. is a forest fruit tree belonging to the family Rosaceae. This species has a wide geographic distribution (KUTZELNIGG, 1995) , similar to that of Quercus robur, and it is the only apple species native to Central Europe. Wild apple trees often have expanded crowns resembling those of bushes. By virtue of their height classification, biologically they constitute the connecting link between shrubs and trees. Individual trees can grow up to 10 m tall with trunk diameters of 23-45 cm and can live to 80 to 100 years. They rely on insect pollination and seeds are dispersed by mammals, birds, water courses and human activity. Trees exist along the edge of forests, in farmland hedges or on very extreme, marginal sites. A detailed description of the species is given in WAGNER (2005) .
Wild apple is a very rare tree species. It often has a scattered distribution pattern, occurring as single individuals or in small groups. Intact populations do exist very rarely in nature. Economic insignificance and biological features are the main reasons for its nearly extinct status. Timber and fruit are of no economic value. The species' competitive ability is low due to its low height growth and high light requirements.
Wild apple is considered to be seriously endangered (BLE, 2013) . One major threat to its genetic integrity may be the gene flow between wild and cultivated apples. M. ϫ domestica Borkh. can be regarded as major source of hybridization and the cause of introgression of the M. sylvestris gene pool throughout Europe due to wide-spread domestication of apples (probably since ancient times). Ornamental cultivars derived from many different Malus species (see COART et al., 2003) may have contributed genes as well, but this appears unlikely for adult wild apples investigated in this study because the use of ornamentals in the landscape has occurred only recently. Thus edible cultivars are a suitable reference for wild apples living today, which are supposed to represent the native species. Furthermore, their suitability as reference lies in the fact that M. sylvestris probably did not contribute initially to the genetic make-up of domesticated apples. According to MORGAN and RICHARDS (1993) M. sylvestris contributed few genes to M. ϫ domestica. Recently there is a controversy about the real contribution of M. sylvestris to the domestic germplasm (VELASCO et al., 2010; MICHELETTI et al., 2011; CORNILLE et al., 2012) . The debate is ongoing and the issue needs further study (HARRISON and HARRI-SON, 2011) . Nevertheless, the most widely accepted theory currently is that M. sieversii, which is native to the forests of central Asia, is the most likely primary progenitor of cultivated apples (HOKANSON et al., 1997; ROBINSON et al., 2001; HARRIS et al., 2002; VELASCO et al., 2010; CORNILLE et al., 2012) . Due to domestication activity over hundreds of years, suture zones were artificially created between two species of the same genus, which were in fact (originally) geographically separated. Thus introgression was initiated (HATTEMER und GREGORIUS, 1993) throughout the distribution area of M. sylvestris.
Hybridization and Genetic Diversity in Wild Apple (Malus sylvestris (L.) MILL.) from Various Regions in Germany and from Luxembourg
At first, hybridization has been studied foremost in three European countries (WAGNER and WEEDEN, 2000; WAGNER et al., 2004; COART et al., 2003 and LARSEN et al., 2006) . In Germany investigations have focused on subgroups, rather than on individuals on a large scale. Thus in this study, the genetic and morphological characteristics of a large sample of apples were analysed to investigate hybridization at the individual tree level. Additionally population genetic analyses have been performed to gain better insight into apples originating from quite different regions.
Results presented provide a summary of comprehensive genetic and some morphological inventories of apple samples in Germany and Luxembourg.
Major questions addressed in this study are: (1) To what extent are the nuclear gene pools of M. sylvestris and M. ϫ domestica admixed in Germany and Luxembourg?
(2) How large is the variability in fruit size and leaf pubescence in pure M. sylvestris? (3) Is there any correspondence between morphological and genetic characters? (4) Is genetic variation considerable within and between samples of pure wild apples?
Materials and Methods

Plant material
In total, 883 genotypes of M. sylvestris and M. ϫ domestica were analysed. The 477 trees initially selected as M. sylvestris came from two European countries; Germany (418) and Luxembourg (59). The apple trees growing in Germany originated from four states, from the western states of Rhineland-Palatinate (86) and North Rhine-Westphalia (100), and from the eastern states of Saxony-Anhalt (124) and Saxony (108). Apple trees selected from Luxembourg and North Rhine-Westphalia primarily comprised single-tree or clone collections which were sampled throughout these regions. Apple trees from Rhineland-Palatinate, Saxony-Anhalt and Saxony represented in situ reproductive populations. Where the entire population was not sampled, individuals were sampled randomly within each population.
In Rhineland-Palatinate and Saxony-Anhalt, the sites were located on flood plains of wide rivers that supported relict landscape and thus wild apple. The samples in Saxony-Anhalt were obtained from the Middle Elbe Biosphere Reserve which comprises the largest area of interconnected flood plains in Central Europe (BRÄUER und KRUMMHAAR, 2004) . The Biosphere Reserve was considered to have the greatest local occurrence of M. sylvestris in Germany, amounting to more than 1162 trees. The 'Bahrebach' Valley in Saxony, in the lower Table 1 . -Description of the wild and cultivated apples analysed. For M. sylvestris the name of local origin, code, UTM data, number of individuals investigated, a brief outline of the original sampling location and provider of the plant material are given. For M. ϫ domestica the time of breeding in three categories, code Md or d, number of individuals investigated and provider of the plant material are given. Old or traditional German cultivars originated before 1900. Modern or new cultivars have been released since 1970. Cultivars whose origin is not precisely provided and who are supposed to originate between old and modern ones, build the middle-age group.
Notes:
• Coordinates refer to the main area of origin.
• Plant material was provided * from clonal seed orchards corresponding to trees in situ ** with the diploma thesis from BINDER (2010).
• Putative wild apples (all genotypes sampled in the wild as representing Ms): pure wild individuals (qd = 0-0.2), hybrids with cultivars (qd = 0.201-0.799), feral cultivars (qd = 0.8-1.0) in the culture group (see Table 2 ); admixed individuals/group (qd > 0.2). It is supposed that many individuals in the culture group are feral Md misclassified in the field. We cannot exclude introgressed Ms also belonging to that group. The assignment coefficient qd used in the definitions above is explained in the beginning of 'results'. • Cultivated apples (Md): edible cultivars, cultivars defined by their providers. Wagner et. al.·Silvae Genetica (2014) 
Isozyme analyses
Twigs with winter buds were forced to flush under greenhouse conditions, and leaf samples were collected shortly after bud break in spring. For the analyses, about 1 cm 2 of young fresh leaf tissue was crushed thoroughly in 0.3 ml of either 0.1 M Tris maleate pH 7.4 containing 20 % glycerol (w/v), 10 % soluble polyvinylpyrrolidone (PVP-40) and 25 % Triton X-100, or 0.05 M potassium phosphate pH 7.0. Both extraction buffers contained 14 mM 2-mercaptoethanol. Horizontal starch gel electrophoresis was conducted according to WEEDEN (1984) . Protocols described in CHEVREAU and LAURENS (1987) and in MANGANARIS and ALSTON (1987) were partially adopted. Two buffer systems were used for electrophoresis. Slices from the Tris citrate/lithium borate (pH 8.4) gel were assayed for aspartate aminotransferase (AAT, EC 2.6.1.1, 2 loci with either 4 alleles) and triose phosphate isomerase (TPI, EC 5.3.1.1, 1 locus with 3 alleles). Slices from the histidine buffer (pH 6.5) gel were assayed for diaphorase (DIA, EC 1.6.4.3, 2 loci with either 2 alleles), 6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44, 1 locus with 5 alleles), phosphoglucomutase (PGM, EC 2.7.5.1, locus -1 with 5 alleles, locus -5 with 2 alleles), malate dehydrogenase (MDH, EC 1.1.1.37, 1 locus with 2 allelels) and isocitrate dehydrogenase (IDH, EC 1.1.1.42, 1 locus with 2 alleles). Assay conditions and the interpretation of patterns have been described by LAMB (1985 and 1987) as well as WENDEL and WEEDEN (1989) . All accessions of M. sylvestris and M. ϫ domestica were typed for 10 isozyme loci, spread over different chromosomes: TPI-5, AAT-1, AAT-2, PGM-1, PGM-5, DIA-2, DIA-4, 6PGDH-1, MDH-4, IDH-1. Loci were chosen based on degree of polymorphism and applicability to different Malus species.
Morphological measurements
The two most prominent morphological characters, the pubescence of leaf abaxial surface and fruit diameter both in autumn , were obtained, if available, to describe each wild apple tree from each site. Data were obtained from surveys conducted in different years by the providers of the plant material. Leaf pubescence was scored on a scale of 0 to 3 according to REMMY and GRUBER (1993) (0: hairless; 1: sparsely hairy (magnifier needed), hairs restricted to main nerves; 2: moderately hairy, easily recognizable hairs on the entire leaf surface; 3: felted). A complex morphological description useful in part for comparison purposes existed for only one location. In that study a total of 35 characters had been measured and data further used in cluster and discriminate analyses to differentiate groups (BINDER, 2010) .
Statistical analyses
A model-based Bayesian clustering approach (PRITCHARD et al., 2000) was applied to the multilocus genotype data using the computer program STRUC-TURE. The method, which uses Markov Chain Monte Carlo algorithms, attempts to infer population structure and assign individuals to populations. Individuals are assigned probabilistically to an inferred number of clusters, and simultaneously the unknown allele frequencies within the subpopulations are estimated. These calculations are performed by obtaining Hardy-Weinberg structure and linkage equilibrium within the inferred subgroups. The proportional assignment of an individual to each cluster, k = 1…K, is given by the estimates q k . Assigning individuals jointly to two, or more clusters if their genotypes indicate admixture, allows the identification of putative hybrids. The method can be applied to various types of markers (e.g., isozymes, microsatellites, restriction fragment length polymorphism, or single nucleotide polymorphism) and can be highly accurate for a modest number of loci (PRITCHARD et al., 2000; VEKE-MANS, pers. comm.) . Five independent analyses were carried out for each number of clusters K (1 ≤ K ≤ 7) with 50000 burn-in steps and MCMC iterations each. The most relevant number of clusters (K) was determined using the ⌬K statistic (EVANNO et al., 2005) . To handle existing linkage groups relevant in this study, STRUC-TURE with 'linkage model' was applied. This model is essentially a generalization of the admixture model, which is able to deal with admixture linkage disequilibrium. Map distances of the TPI-5:PGM-1, and the AAT-1:IDH-1 linkage were provided by MALIEPAARD et al. (1998) and WEEDEN (pers. comm.). The appropriate software STRUCTURE 2.2 ( PRITCHARD et al., 2007) was used.
After the exclusion of hybrids and feral cultivars within the putative wild apples, genetic structure was determined for M. sylvestris originating from 5 of the locations investigated. Calculations were performed on the basis of the allele frequencies of ten polymorphic loci using the program GSED (GILLET, 2010). Measures of genetic variation within (e.g. allelic and genotypic richness) and between (e.g. gene pool distance, subpopula-tion differentiation) samples, heterozygosity and fixation coefficient are described in detail in and in the GSED user's manual (http://www.unigoettingen.de/de/95607.html).
Results
Gene pools in the Malus sample and individuals of hybrid character in putative M. sylvestris
To infer population structure and the corresponding number of gene pools from nuclear gene data, all individuals were included in the statistical analysis. Based on the likelihood output of the genetic admixture analysis using no prior information on sample origin (⌬K = 125.1, Pr|ln L = -11565.6), and based on biological plausibility, the distribution of individuals was best described by two clusters. The summary results ( Table  2 , left) showed that representatives of M. sylvestris and those of M. ϫ domestica could clearly be grouped into two different gene pools, putative wild apples into gene pool 1 and definite cultivated apples into gene pool 2.
Different proportions of admixture were apparent. Over all M. sylvestris samples, an admixture with M. ϫ domestica of 0.138 was found. For only the wild apples growing in Germany, a slightly lower admixture with cultivated apples (0.111) was observed. The proportion of genetic information assigned to the domestic gene pool ranged from 0.044 in Rhineland-Palatinate to 0.163 in North Rhine-Westphalia. Of the wild apples originating from Luxembourg, at most 0.245 was admixed.
Old cultivars showed slightly more admixture with wild apples (0.099) than more recent cultivars (about 0.06).
To be able to make a decision about the hybrid status on the individual level the following procedure was applied. For individual trees in the total sample, the proportions of assignment to the inferred M. ϫ domestica gene pool (qd) were arranged in ascending order ( Figure 1 ). In addition, certain cut-off values were chosen. This choice was made arbitrarily using the 20% mark at each end of the curves shown in Figure 1 . Genotypes collected as M. sylvestris in the wild that were assigned for more than 20 % and less than 80 % to gene pool 2 (Md) were considered hybrids. Those with more than 80%, inclusive, assigned to gene pool 2 (Md) were considered feral cultivars (according to COART et al., 2006) . By adopting this approach, the intermediate hybrid zone could be studied, and the presence of both hybrids and cultivars among the individuals sampled as wild apple revealed. Within the total putative M. sylvestris sample, 82 trees (17.2 %) were identified as not pure wild but as hybrids (66 trees, 13.8 %) or as feral cultivars (16 trees, 3.4 %). Within the German putative M. sylvestris sample, 65 trees (15.6 %) were identified as not pure wild but as hybrids (58 trees, 13.9 %) or as feral cultivars (7 trees, 1.7 %). A detailed overview of the different locations is given in Table 2 (right). The sum of the values for hybrids and feral cultivars (H+C) differed from 2.3 % in Rhineland-Palatinate to 28.8 % in Luxembourg. Hybrids were a major component whereas feral cultivars were less prevalent. Luxembourg proved an exception; there the opposite was found. About 15 % of the trees in that sample (L) were identified as cultivars living in the wild.
Verification of genetic results by morphological traits
Fruit size
In Table 3 results of fruit size were summarized for three genetically defined groups in four M. sylvestris sampling locations. North Rhine-Westphalia was exclud- Table 2 . -Left: Summary of the results of a model-based cluster analysis for multilocus genotype data (Software STRUCTURE with ‚linkage model'). The proportions of assignment to each of two inferred gene pools estimated for genotypes of a given category of origin are listed. Right: Summary of single tree assignment of putative wild apples in Germany and in Luxembourg by using a 20 % cut-off value for q. The assignment of individual genotypes into the pure wild group (Wild, qd = 0-0.2), intermediate hybrid group (H) and culture group (C) supposed to contain feral cultivars (qd = 0.8-1) is shown. Results are given as percentage of trees. Wagner et. al.·Silvae Genetica (2014) 63-3, 81-94 DOI:10.1515/sg-2014-0012 edited by Thünen Institute of Forest Genetics ed because the fruit had been sampled non-systematically. First the quantitative data for fruit size in the pure wild group were compared among the different locations. Mean fruit diameter of pure apples differed from 29.1 mm in Saxony-Anhalt to 33.8 mm in Saxony. On average a maximum difference of 4.7 mm was found among the sites. Rhineland-Palatinate and Luxembourg had identical mean values of 31.2 mm. Coefficients of variance (CV) varied between 10 % (ST: SD is 2.9) and 17 % (L: SD is 5.4). While the range in minimum values was very small, from 21 mm (RP) to 24 mm (ST), variability in maximum values among the sites was larger ranging from 37.6 mm (ST) up to 47.8 mm (SN). The mean diameter of all fruiting pure apples, 226 trees in total, was 31.2 mm. The corresponding coefficient of variance was 14.7 %.
The second point of interest was fruit size of both the hybrid and the culture group ( Table 3 ). The hybrid group differed only slightly from the pure wild group. Mean fruit diameters of the hybrids were only slightly larger at each site. In total, there was a difference of 1.8 mm between the two groups. The fruit of the few individuals constituting the culture group were almost 1 cm larger than hybrid fruit. Figure 2 illustrates the relative position of the groups constituting of apples growing in the field compared to a reference group of defined cultivars. A major change in fruit size between the hybrid and culture group was evident, but the most important change occurred between the Ms culture group and the Md cultivar group, where the latter had fruit 71.9 mm in diameter on average (SD 14.3 mm, CV 20 %, minimum 37.8 mm, maximum 110 mm). Smallest variation (smallest box) was recognized within the pure wild group. Variation increased in the hybrid and culture boxes along with decreasing sample size. Greatest variation was found in the cultivar box.
Shapiro-Wilk normality test rejected null hypothesis of normal distribution at p-value 0.000. A Kruskal-Wallis rank sum test was performed to identify differences between the three genetically based groups, i.e. pure wild, hybrid and culture groups (p = 0.0074). Pairwise Wilcox rank sum test (p value adjustment method Bonferroni) yielded significant differences only between the pure wild and culture groups (p = 0.012), whereas the hybrid and culture groups (p = 0.083) and pure wild and hybrid groups (p = 0.517) were not significantly different.
To deal with outliers or right-skewed distribution within the pure group, 95 % of the individuals were chosen in ascending order of fruit diameters. After eliminating the greatest extremes, the remaining pure wild group comprised fruit varying from 21 to 39.5 mm in diameter. By comparison, the remaining hybrid group treated in the same way comprised fruit with diameters ranging from 20.6 to 41.7 mm.
Leaf pubescence
The pubescence of leaves was assessed into 4 classes by visual ratings. Therefore results were less differentiated. Median values in the pure wild, hybrid and culture groups for the five sites were as follow: RP (0 0 -), ST (0 0 2), SN (0 0 1), NW (1 1 2) and L (1 1 3). Largest differences among the sites were observed in the culture group with values ranging from 1 in SN to 3 in L.
Medians over all samples in each of the four groups, pure wild, hybrid, culture and cultivar, increased from 0 in the pure wild to 3 in the cultivar group in ascending order. Histograms in Figure 3 look quite different. There was no variation in the Md cultivar group. In the pure wild group, there was no leaf pubescence class '3'. Kruskal-Wallis rank sum test analysed differences between the genetically-differentiated-, i.e. pure wild, hybrid and culture groups (p = 0.000). Pairwise Wilcox rank sum test (p value adjustment method Bonferroni) yielded significant differences between all pairs; pure wild and hybrid group (p = 0.00726), pure wild and culture group (p = 0.0) and hybrid and culture group (p = 0.00033). Despite significant differences between group pairs the distributions overlapped.
Choosing 95 % of individuals based on increasing values (see procedure for fruit size), pubescence in the pure group varied from 0 to 1 and pubescence in the hybrid group varied from 0 to 3.
Complex morphological characteristics
Saxony is the only location where apple trees had already been described and many morphological characters analysed. In total, 35 different traits were used in cluster analysis simultaneously to obtain a complex morphological description of individuals (BINDER et al., 2011) . In this specific analysis, all characters visible in one year had been included. Thus, seventy (one clonal identity excluded) putative wild apples growing in the 'Bahrebach' Valley have been extensively characterized. Based on the complex morphological classification, 57 trees (81.4 %) were classified as pure wilds and 13 trees (18.6 %) were classified as hybrids (see BINDER, 2010).
Within the morphological pure wild cluster, 53 individuals were also assigned to the pure wild group based on their genetic character (qd). This showed concordance between the complex morphological and the com- Within the morphological hybrid cluster, 7 individuals were also assigned genetically into the hybrid group. Here concordance was 54 %. Conversely, the correspondence between complex genetic and complex morphological classification was 90 % within the pure wild and 64 % within the hybrid group.
Genetic variation and differentiation in wild apple trees after exclusion of recent hybrids and feral cultivars
After exclusion of first-generation hybrids and feral cultivars, genetic structure of pure wild apples was determined separately for the local samples. All gene loci of the enzyme systems analysed were polymorphic for M. sylvestris. Most loci investigated had more than one allele with a frequency clearly exceeding 5 %, indicating major polymorphism. In this study, six alleles were found to be private to the wild species, one of them occurring only once in Saxony-Anhalt and another once in North Rhine-Westphalia. Three of the private alleles were restricted to single locations.
The tests of homogeneity of the genetic structures were significant (P < 0.05). Overall, a good fit to HardyWeinberg expectations was found confirming the existence of effective outcrossing. Diversity statistics are summarized in Table 4 . The mean number of alleles per locus (A/L) varied from 2.4 (L) to 2.9 (NW), the respective number of genotypes (G/L) from 3.3 (L) to 4.3 (ST and NW). Minima were expected due to the low sample size of the corresponding location (L). Gene pool, and hypothetical gametic diversity were 1.557, and 127.2 on average over all five sites respectively. The diversity of the gene pool was high, with the highest diversity in NW with 1.592 and in L with 1.582. Measures of observed and expected heterozygosity were also high, with mean values of 0.344 for H o and 0.360 for H e . The total differentiation of the gene pool was highest and nearly equal in NW and L. Very similar levels of genetic variation were found in all samples as indicated by the coefficients of variance (CV). These coefficients were very low, e.g. only 1.9 % for gene pool diversity, 3.6 % for total differentiation and 7.2 % for number of alleles per locus. The average fixation coefficient (F) for all pure wild samples was 0.044 and low. Fixation coefficients were slightly to moderately positive in four sites. In population SN, a slight excess of heterozygote genotypes was detected. The mean values calculated for locations in Germany revealed only very slight differences compared to the overall means. Table 5 . The lowest and closest genetic distance (d 0 ) of 0.065 was found between ST and SN. At 0.083 the distance between RP and L also was relatively low. Highest genetic distance of 0.148 was observed between RP and ST. Four values of d 0 were very similar, and ranged from 0.130 to 0.135. Delta (␦) of the subpopulation differentiation (d j ) was 0.089, separating RP and L from Table 4 . -Genetic variation within samples after exclusion of hybrids and feral cultivars. For each location, the number of pure individuals is given. Results are listed for percentage of polymorphic loci (P, 0.95 criterion), mean number of alleles per locus (A/L), mean number of genotypes per locus (G/L), diversity of the gene pool (v pool ), diversity of the hypothetical gametic multilocus (v gam ), actual or observed heterozygosity (H a/o ), total differentiation of the gene pool (␦ T ) and fixation coefficient (F). Arithmetic means over all populations / collections are calculated for pure wild apple with ( all ) and without ( G ) Luxembourg (L) along with standard deviation (SD) and coefficient of variance (CV). Measures of genetic variation also are listed at the species level.
Differentiation measures were summarized in
Note: Total differentiation of the gene pool (␦ T ; GREGORIUS, 1987) is like expected heterozygosity (H e ; BERG and HAMRICK, 1997) (FINKELDEY und BONFILS, 2001 ). Table) . Weighted subpopulation differentiation (d j ) of samples and delta (␦) of the gene pool is also given (bottom line). the other three locations that were lower that mean. Subpopulations with a low d j represented the total very well. RP attracted attention revealing the highest differentiation (d j = 0.115) to the remaining sample (complement). Alleles specific to Ms appearing more than once did reflect the differentiation among the samples to a certain extent (Table 6 ; for species-specific alleles in Ms and Md see WAGNER et al., 2004 and WAGNER, 2011) . PGM-1'e' only appeared in ST and SN. The frequencies of the other three private alleles TPI-5'c', DIA-4'a' and PGM-1'c' were close and higher for the group RP-L, and close and lower for the group ST-SN. The sample NW did not fit clearly to either the one or the other group based on genetic differentiation.
Discussion
Gene pools of Ms and Md and individuals identified as hybrid and feral cultivar
A model-based cluster analysis of all isozyme data from 883 apple genotypes showed that wild and cultivated apple trees currently make up two distinct gene pools that can be discriminated clearly by nuclear markers. No complete admixture between wild living apples and domesticated apples has occurred in the past although it might have been expected. In spite of extensive domestication of apples over a long time, wild genotypes have not lost their genetic identity through hybridization with cultivated genotypes in the natural distribution area of M. sylvestris studied. This result strongly confirmed former results by COART et al. (2003) and LARSEN et al. (2006) based on small/smaller sample sizes of Malus as well as results based on a large sample set of apple trees (COART et al., 2006) . The probabilistic assignment of individuals to the inferred domestica cluster using a reference of 406 cultivars in this study ( Figure  1 ) appears very similar to the assignment by COART et al. (2006, see Fig. 2 ) using 422 representatives of M. ϫ domestica for reference purposes. Independent of nuclear marker type (isozymes in this study and microsatellites in the other studies) and origin of putative wild apples in Europe (Germany, Luxembourg in this study, Belgium and Denmark in the other studies), conclusions alike about genetic differences between M. sylvestris and M. ϫ domestica were drawn in this study. A wild gene pool distinct from the domestic gene pool is very encouraging to increasing conservation efforts in European countries.
Strong similarities between the different studies are also evident for assignments of the admixed apples. Within the different models applied in STRUCTURE, only 11.2 % (Denmark: LARSEN et al., 2006; Belgium: COART et al., 2006) to 13.9 % (Germany: this study, 'Total') of all putative M. sylvestris were identified as hybrids. Very few trees (0 %, 3.3 %, and 1.7 % in Denmark, Belgium and Germany respectively) were identified as feral Md. In total 11.2 % (Denmark), 14.5 % (Belgium) and 15.6 % (Germany) were not classified as pure wild individuals (H+C, see Table 2 , right). In Luxembourg, a comparatively high number of feral cultivars (15.3 %) was calculated. In that case more misclassifications may have occurred in practice when cultivars were selected in the landscape, which might happen during selection in winter. Mean proportions of admixture in our study (0.111, German sample) are similar to those (0.119, Table 3 ) observed by CORNILLE et al. (2012) .
Different levels of gene flow between a native and cultivated species were reported for the genus Populus (HEINZE, 1997; VANDEN BROECK et al., 2004) . The risk of introgression depends on the surrounding trees and can be high as observed in black poplar and also in wild apple seed orchards (KLEINSCHMIT et al., 2012) .
Differences in introgression from M. ϫ domestica to M. sylvestris growing in four different states in Germany and in Luxembourg were evident. Percentage of hybrids ranged from nearly zero (RP) to 21% (NW) (see Table 2 , right). This accord well with the result from four populations in Denmark (0 % in KA, 3.6 % in NO, 12 % in KO and 26 % in HE, see LARSEN et al., 2006) . From these findings one can conclude, that conservation strategies must be adapted to local situations. Such conservation measures at the local level may be more challenging at sites where the amount of first-generation hybrids and feral Md trees is high.
It is not really surprising that wild apples tend to be genetically closer to old cultivars than to more recent cultivars. Representatives of M. ϫ domestica cultivated for a long time in Germany and Luxembourg are expected to have been more involved in gene exchanges with native apples than recent cultivars.
Genetic barriers in general to interspecific hybridization within the subfamily Maloideae are described to be weak (KORBAN, 1986) . Indications of pre-and postzygotic barriers to hybridization between wild and cultivated apples could not be found (LARSEN et al., 2008) . Even so, an extent of 11% to 14 % of hybrids across several European countries occurs. Thus, there must be an effective barrier -not yet well observed or investigated -that hampers hybridization. Potential barriers to gene flow have been discussed extensively in former studies concerning wild apple. Two major mechanisms have been found to prevent or impede reproductive communication between M. sylvestris and M. ϫ domestica; a distance and a time mechanism. Isolation by distance means geographical distance between trees of the two species which interferes with the pollinator behaviour. In all, the circle of pollinators is very diverse (KUGLER, 1970) . Although honey and bumblebees, both major pollinators of apples, are able to travel several kilometres during their foraging flights (BEEKMAN and RATNIEKS, 2000; STEFFAN-DEWENTER and KUHN, 2003) , events of long distance pollination might be important for evolution (ELL- Wagner et. al.·Silvae Genetica (2014) , 2003) . In current situations in natural populations, short distance pollination is most likely. Generally, insects will not move far if they have sufficient food resources in the vicinity. Various sources of pollen are accepted, pointing to the generalist behaviour of pollinators (CRESSWELL, 1997). Fondness for a specific pollen is also a known trait of pollinators; bees are crazy about dandelions and visit fruit tree flowers last pointing to some (food) competition and therefore to the risk of apple flowers not becoming pollinated "upstairs", e.g. in orchards (BÜTTNER, pers. comm.). Isolation by time or temporal isolation means the timing and duration of flowering differs between the two species, thus restricting seasonal overlap in reproduction periods. Both mechanisms of isolation have been thought to hinder hybridization primarily in populations in Denmark; e.g. only slight overlapping flowering periods, generally later flowering of cultivars (LARSEN et al., 2008) and pollination mostly within short distances of approx. 23 m (LARSEN and KJAER, 2009) were observed. The latter observation was similar in a German offspring sample indicating a pollination distance mostly within 50 m (REIM et al., 2013) . Later flowering of domestic trees was also observed in Belgium (COART et al., 2003) . Differences in flowering phenology were also found to hinder hybridization among closely related Malus species in North America (DICKSON et al., 1991) . However, variability in flowering period should be studied further, in particular in local cultivars used in Germany in the near neighbourhood of wild apples. Furthermore, in addition to fruit set, seed production, germination and early development of seedlings (see LARSEN et al., 2008) , physiological studies should be performed to investigate the growth of hybrids in the wild, in particular up to their reproductive age. The fitness of a hybrid, and also of a cultivar, under natural conditions should be one important issue given the probability of hybridization in nature.
Former conclusions could be confirmed for European countries: hybridization between M. sylvestris and M. ϫ domestica does occur in nature, is relatively moderate in extent (nuclear gene information) and both species still form distinct gene pools across Europe. However, investigation of chloroplast DNA points to a closer relationship between the two species than appreciated up to now (COART et al., 2006) . Thus, more research on European native apples is needed to gain better insight into ancient hybridization.
Morphological variability and correspondence between morphological and genetic traits
Most research into the identification of M. sylvestris has focussed on morphology in the past. Much literature is available on the phenotypic traits of wild apples native to Europe (partially compiled in WAGNER, 1996) . At least 45 characteristics have been described empirically. Up to now, only few quantitative studies on a limited numbers of individuals or characteristics exist. The present study facilitated the analysis of many apple trees for fruit size (Ms: 267 trees, Md: 51 trees), leaf pubescence (Ms: 379 trees, Md: 205 trees) and complex morphological characteristics (Ms: 70 trees). In the observation of single characteristics, the two most prominent morphological characters for discrimination specifically were chosen. In the observation of multiple characteristics, that is of complex morphological characteristics, the largest number of morphological characters so far has been analysed simultaneously. The natural (today) morphological variability and the correspondence between morphology and genetics are two important morphological aspects little studied so far. Both these aspects are of interest for conservation activities in practice, e.g. identification in the field, and decision about valuable objects for conservation programs.
There is considerable variation in the traits in the genetically determined groups, i.e. in the pure wild, hybrid and culture groups, as can be seen from, e.g., fruit size in the pure wild group (Table 3) . While a fruit size of 35 mm is most often taken as a threshold for wild apples (taken from literature), the 95 % interval of fruit diameters in this investigation was reached at 39.5 mm. If we accept this 95 % interval, we can conclude that pure M. sylvestris fruit ranges from 21 to 40 mm (approx.) in diameter. As far as we know, it is the first time that a lower limit of pure fruit size is defined. The intraspecific variability is similar to that for M. orientalis (20-30 mm, SCHMIDT, 2006) , and much lower than that documented for other Malus species like M. sieversii (15-60 mm, FISCHER, 1995) and M. ϫ domestica (40-110 mm, see Figure 2 ; approx. 30-120 mm, FISCHER, pers. comm.). M. sieversii expresses a particularly large variability in fruit characteristics (HOKANSON et al., 1997) .
Similar findings apply for the feature of hairiness (see Figure 3) . Here, in the pure wild group, the 95 % interval of pubescence is reached at a score of 1. This corresponds to COART et al. (2003) who suggested "…that some genetic variation in the degree of hairiness exists within the wild populations." Autumn leaf hairiness of pure wilds appears to vary from score 0 to score 1. However, no variation in hairiness is observed in defined cultivars. This finding is confirmed by SILBEREISEN (pers. comm.) who did not observe a single cultivar without felted hairy leaves at score 3. Furthermore, the frequency distribution of leaf pubescence scores shown in Figure  3 is similar for the pure wild and the hybrid groups with prevailing low hairiness scores and for feral and defined cultivar groups with prevailing high hairiness scores. Thus, the skewness of the frequency distributions changes between the hybrid group and the culture group. This is also true when only individuals of the hybrid group with qd values larger than 0.6 are taken into consideration (results not shown).
The extent of variation within each group explains in part why no morphological trait can be regarded as distinct between the genetically defined groups (see Figures 2 and 3) and thus no single morphological trait of a specimen can be used to assign trees to groups in the field. To our best knowledge, individuals revealing leaf pubescence with a score of 2 or 3 are not pure wild. Observing those with scores 0 or 1, one cannot be sure whether individuals are pure wild or hybrid. For fruit size, the extent of overlap of traits is even higher, proba- Wagner et. al.·Silvae Genetica (2014) 63-3, 81-94 DOI:10.1515/sg-2014-0012 edited by Thünen Institute of Forest Genetics bly due to the very high variability in domestic fruit. However, even with the most complex morphological description available (BINDER et al., 2011) , the correspondence between complex genetic and morphological determination methods does not exceed 93 % in pure wilds and 64 % in hybrids at the specimen level. Divergence of genetic and morphology on the individual level was also observed by LARSEN et al. (2006) . Another comprehensive evaluation of morphological characters has been performed recently by REIM et al. (2012) .
Genetic variation and differentiation in pure wild apple trees
This study may be one of the first studies reporting genetic data in M. sylvestris after the exclusion of firstgeneration hybrids and feral cultivars to improve population genetic knowledge of this rare tree species. Genetic structure with no/low M. ϫ domestica influenceabout 80 to 100 years ago -was calculated, allowing a better comparison of populations and collections with special respect to place of origin. Our intention was to remove or at least reduce blurring due to hybridization and to escape from cultivation to provide a better insight to any provenance effects. Existing differences in domestic influence among samples living in the wild, ranging from about zero to 30 % (see Table 2 ), stressed the necessity to proceed this way.
As expected, genetic diversity was slightly higher in apples including hybrid and feral Md trees (WAGNER et al., 2004; WAGNER, 2008) . Even in pure M. sylvestris (this study), diversity was high compared to other species. The mean number of alleles per locus was 2.68 (2.75, Germany only) at population level, and 3.10 at species level, which clearly increased the value of 1.55 mentioned for dicotyledonous species (MÜLLER-STARCK, 1996) . In Prunus avium, another wild fruit tree, 1.4 alleles per locus on average have been observed in 5 French populations (MARIETTE et al., 1997) . However, this value is expected to be that low due to the relatively small number of polymorphic loci analysed. In Sorbus aucuparia, another Rosaceae:Maloideae, 2.25 alleles per locus have been averaged over 17 populations (RASPE and JACQUEMART, 1998) . Diversity in wild apple was similar to two main broadleaves in Central Europe; to Quercus robur in Switzerland (FINKELDEY and BONFILS, 2001) or Europe (ZANETTO et al., 1994) harbouring A/L quotients of 2.70, and to Fagus sylvatica in Germany with A/L quotients ranging from 2.3 (MÜLLER-STARCK, 1991) and 2.57 (SANDER et al., 2001 ) to 2.85 (Sander et al., 2000) . Compared to other Malus species, the mean number of alleles per locus for M. sylvestris growing in Germany was identical to M. sieversii (2.75) (LAMBOY et al., 1996) , well-known for its very high variability (FORSLINE et al., 2003) , and almost identical to M. ϫ domestica, old cultivars (2.78) (WAGNER et al., 2004) . Allelic diversity was lower in the North American Malus species M. fusca, M. ioensis (2.08), M. coronaria and M. angustifolia (1.75) (DICKSON et al., 1991) .
In comparison to average diversity given by classical parameters for long-lived woody perennials (P = 49.3% Table 4 ). In particular, the expected panmictic heterozygosity in Ms is very high, and more than twice that value averaged over long-lived woody plants. The values of H e reported for wild cherry (Prunus avium) are approximately that high, especially when referring to trees growing in the Rhineland-Palatinate (KOWNATZKI, 2002) . Values (H e ) reported for beech (Fagus sylvatica) match or are slightly higher (SANDER et al., 2001) than those values measured for wild apple. On average heterozygosity of forest trees is 20 to 23 % (KONNERT, pers. comm.). In sessile oak (Quercus petraea) isozyme-based H e was observed to be 0.25 (FINKELDEY, 2001) . For comparison, microsatellite-based H e in the same species was observed to be 0.86 (JENSEN et al., 2003 , cit. from LARSEN et al., 2006 , showing the different level of both types. The aforementioned high value is in line with values found for Malus sylvestris (H e = 0.78: LARSEN et al., 2006; H e = 0.72: COART et al., 2003) .
The high level of genetic variation within species and populations observed in the present study confirms the expectations for species like M. sylvestris with large geographical ranges, an outcrossing breeding system and seed dispersal by animals (HAMRICK et al., 1992) .
In most samples the fixation coefficient is close to zero, indicating that inbreeding effects probably do not occur (KONNERT and BAUER, 2001 ) and mating is random in those wild apple populations. In Rhineland-Palatinate weak inbreeding may explain the moderately positive F-value which reflects preferred mating of neighbouring trees. In North Rhine-Westphalia the F-value is 0.104 (see Table 4 ), which matches the mean value (F IS = 0.105) for wild samples in Belgium (COART et al., 2003) . NW is a large state in Germany where remaining apple trees have been sampled from scattered districts that never formed one random mating population. From this it is assumed, according to Belgium conditions that a Wahlund effect may have occurred, resulting in a shortage of heterozygotes.
Differentiation among the five samples of the native species is low as revealed by ␦ = 0.089 (see Table 5 ). Similar or lower mean allelic differentiation values (␦) are reported for other tree species: e. g. 0.091 for Prunus avium (KOWNATZKI, 2002) ; 0.062 for both races, 0.036 for coastal races only of Pseudotsuga menziesii (LEINEMANN et al., 2001) and 0.049 for P. menziesii (LEINEMANN, 1996) ; 0.049 for Fagus sylvatica (SANDER et al., 2001) ; 0.045 for Quercus robur and 0.042 for Quercus petraea (FINKELDEY and BONFILS, 2001 ). The aforementioned values may reflect the different pollination type. Roughly, insects work very effective within populations and less between. Entomophile species like wild apple and wild cherry are restricted in their distribution of genetic information by the pollinator behaviour. They showed a higher differentiation than main tree species from which pollen can be transported by wind over large distances. The complexity of multiple mechanisms influencing spatial genetic structure is described in JOLIVET et al. (2011) . The subpopulation in Saxony with the lowest Wagner et. al.·Silvae Genetica (2014) 63-3, 81-94 DOI:10.1515/sg-2014-0012 edited by Thünen Institute of Forest Genetics d j -value (0.074) represents best the wild apple investigated in this study. The most genetic differentiated subpopulation is that in Rhineland-Palatinate, which possibly has some special genetic information indicating specific genetic processes.
Differentiation revealed by gene pool distance (d 0 ) between pairs of Ms samples ranged from 0.065 to 0.148 (for comparison Q. petraea: 0.050-0.163 and Q. robur: 0.067-0.194, HERZOG, 1998) , and reflected the geographical location of populations to a certain extent. One could have expected RP and ST to be genetically similar given the similar ecological conditions e. g. flood plains. On the other hand, ST and SN should not be similar because these sites differ much in elevation. In fact, the two geographically neighbouring populations in the west, i.e. RP and L, and in the east, i.e. ST and SN, were genetically very similar. The sample from NW does not fit into any geographic pattern, probably because this sample does not represent a population in reproductive sense but a collection of trees from a broad, scattered area. In addition, the pattern of frequencies of alleles specific to Ms (see Table 6 ) also matches the geographical pattern described beforehand.
Correspondence between genetic and geographic distance of populations has also been observed for oak by FINKELDEY (2001) and hazelnut by . This correspondence may be due to the mechanisms of gene flow, i.e. pollen and seed dispersal, which are very much distance-sensitive.
Aspects concerning gene conservation
Studies of this kind may be helpful for the gene conservation of Malus sylvestris. With the information available now, a quantitative basis for conservation activities exists. Conservation measures based on quantitative data will be essential especially for rare tree species, which still are little investigated. Results achieved here and in like studies in Belgium and Denmark do not support the assumption that apples from Eurasia comprise one panmictic population (STEPHAN et al., 2003) . The clear differentiation of putative Ms and Md into two separate gene pools justifies treating the European wild apple as a distinct genetic resource. Differences in the level of recent hybridization between samples and the correspondence between genetic and geographic distance in pure natural Ms populations indicate that conservation measures should be performed at the local level and adapted to the local situation. Thus, the consideration of provenances appears to be relevant. The use of in situ populations in long-term management programs supports continued adaptation, and hence dynamic conservation practices given unpredictable environmental futures (KJAER et al., 2004) . The results of this study must be seen in connection with the amendment of the Federal Nature Conservation Law (BNatSchG) in Germany that will regulate the use of native woody plants of regional origin (see .
The gain in knowledge of the Ms intraspecific morphological variability can be expanded to other traits and can support practical conservation work in the field.
